Abstract-Modal selection induced by parallel polarized optical injection is studied experimentally in a vertical-cavity surface-emitting laser (VCSEL) with emission in two transverse modes. We report that the selection of the fundamental transverse mode can be achieved when the two transverse modes have parallel polarizations. The selection of the fundamental mode is accompanied by locking of that mode to the optically injected signal for large enough values of the wavelength detuning between the fundamental mode and the externally injected signal. The injected power needed to induce modal selection grows as the VCSEL bias current is increased and exhibits a minimum with respect to the injection wavelength at a value min that is slightly longer than the wavelength of the fundamental mode of the solitary VCSEL. We also report that the selection process exhibits a bistable behaviour when the wavelength of optical injection increases beyond min . The width of the observed bistable region grows linearly with the wavelength of the optically injected signal. Selection of the higher order transverse mode is achieved when the optical injection wavelength is close to that of the higher order transverse mode. The qualitative behavior associated with the selection of the higher order mode is similar to that of the fundamental mode.
I. INTRODUCTION
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A. Hurtado is with the School of Computer Science and Electronic Engineering, University of Essex, Wivenhoe Park, CO4 3SQ, Colchester, U.K. ductor laser emission characteristics [2] , [3] . Recent interest in vertical-cavity surface-emitting lasers (VCSELs) subject to optical injection has emerged due to their excellent characteristics, including low threshold current, single-longitudinal-mode operation, compactness, low power consumption, low cost, and circular output beam [4] - [24] . Injection locking in VCSELs has been proven to reduce the frequency chirp [4] and the laser noise [6] , and to increase the dynamic range [6] and the resonance frequency beyond 100 GHz [7] . An injection-locked VCSEL has been used as a duplex transmitter/receiver [8] and also as a multifunctional device for performing format conversion and NRZ-data clock recovery [9] . Rich nonlinear dynamics can also be experimentally found in VCSELs subject to external optical injection [10] - [12] . Moreover, all-optical signal processing functions such as signal regeneration [5] , [13] , [14] , inversion [5] , [15] , buffer memory [16] , and flip-flop [17] can be performed with VCSELs subject to appropriate optical injection. Recent experimental work has also demonstrated how optical injection can induce polarization switching [18] - [24] and transverse mode selection [5] , [14] , [15] , [25] - [27] in VCSELs.
Most of the previous research [5] , [14] , [15] , [19] - [23] , [26] has been reported for the 1550-wavelength region, making them relevant for applications in optical telecommunications. Some of the above-mentioned applications [5] , [14] , [15] , are based on transverse mode selection in VCSELs induced by the external optical injection. The regions in which polarization and transverse mode switching occur usually display bistable behavior [5] , [15] - [17] , [20] - [23] making these devices also suitable for all-optical flip-flop and buffer memory operation [16] , [17] for applications in all-optical signal processing and optical computing. Emission in different polarization and transverse modes is usually found in solitary VCSELs. While the multitransverse mode emission is attributed to Spatial Hole Burning (SHB) effects [28] - [30] , the polarization behavior of VCSELs can be influenced by a number of physical mechanisms [31] - [34] . Optical injection experiments have been usually performed using two different configurations. The first, corresponding to the seminal work by Pan [35] , is known as the "orthogonal optical injection" configuration: linearly polarized light is injected with a polarization that is orthogonal to the linear polarization of the solitary VCSEL. The second is known as "parallel optical injection", where both the optical injected signal and the VCSEL have parallel linear polarizations. In this configuration the injection locking dependence in single-transverse mode VCSELs on the injected power and frequency detuning is sim-0018-9197/$26.00 © 2010 IEEE ilar to that found in edge-emitting lasers [36] . Modal selection in multitransverse mode VCSELs has been obtained when using orthogonal [27] and parallel optical injection [25] , [26] . Theoretical analyses of that problem have also been performed for the cases of orthogonal [27] and parallel optical injection [37] - [40] .
The selection process under parallel optical injection depends on the polarization of the transverse modes of the solitary VCSEL. Selection of the fundamental transverse mode has been reported when both modes are orthogonally polarized [25] , [26] , [37] - [40] . However, different experimental results have been obtained when the free-running VCSEL has two parallel-polarized modes. In particular, in [26] , the selection of the fundamental mode was achieved, whereas in [25] that selection was not possible. Recent theoretical work [40] has shed some light on this discrepancy. In general, transverse mode selection can be attained when the two modes have parallel polarizations [40] . In that case, the minimum injected power needed to select a transverse mode increases as the injection current is increased [40] . Theoretical simulations also show that the modal selection is favoured as the frequency of the injected light becomes smaller than the frequency of the mode to be selected [40] .
In this paper, we have experimentally measured how parallel optical injection can select the fundamental transverse mode of a VCSEL emitting in two transverse modes with parallel polarizations. We show that the fundamental mode is selected over a wide range of optical injection powers and frequencies. Some of the theoretical predictions of Torre et al. [40] are verified in our experiment. We have experimentally characterized the bistable behavior associated with transverse mode selection. Additionally, in the final part of this work we have shown that the selection of the higher order transverse mode can also be achieved by using an appropriate optically injected signal. The paper is organized as follows. In Section II, we describe the experimental setup and the solitary VCSEL characteristics. Results concerning the fundamental transverse mode selection and its bistable behavior are described in Sections III and IV, respectively. A similar study for the selection of the higher order transverse mode is presented in Section V. Finally, Section VI contains a summary and the conclusions.
II. EXPERIMENTAL SETUP
Experimentally, parallel optical injection is achieved by using the setup presented in Fig. 1 . This setup is based on the experiments of [20] and [21] . An all-fiber system has been developed in order to inject the light from a tunable laser (Tunics Plus-CL) into a quantum-well commercial VCSEL (RayCan, Co.) emitting around the wavelength of 1560 nm. The VCSEL bias current and temperature are controlled, respectively, by a laser driver (Thorlabs LDC200) and a temperature controller (Thorlabs TED200). The temperature was held constant at 297 K during the experiments. The output of the tunable laser is injected into the VCSEL via a three-port polarization-maintaining optical circulator (OC). Control of the power and polarization of the injected signal are achieved by using a variable attenuator (VA) and a polarization controller (PC), respectively. A fiber coupler (FC) with a 98/2 split ratio and a power meter (PM) are used to monitor the optical power, , injected into the VCSEL. An Optical Spectrum Analyzer (OSA) with a resolution of 0.01 nm is included in the setup to perform spectral measurements. It is important to note that the spectrum measured at the OSA includes the power emitted by the VCSEL plus the reflection of the input light from the VCSEL cavity.
We have first characterized the free-running VCSEL measuring its Light-Current ( -) characteristics and the optical spectra for several values of bias current. Fig. 2 shows the -curve of our device, showing an experimentally measured threshold current ( ) of 2.83 mA at 297 K. Optical spectra show that the VCSEL first emits in the fundamental mode until its current reaches a value of mA. Exceeding that level the VCSEL also emits in a higher order transverse mode. This is illustrated in Fig. 3(a) which shows the optical spectrum of the VCSEL with an applied bias current of mA. The two main peaks appearing in the spectrum correspond to the fundamental transverse mode (located at the wavelength of nm) and to a higher order transverse mode (at the wavelength of nm). We have checked that both modes are linearly polarized and have parallel polarizations for the values of current considered in this work. The two-mode emission is maintained over the whole VCSEL current range.
III. TRANSVERSE MODE SELECTION
To obtain modal selection, an optical signal is injected close to the wavelength of the fundamental transverse mode, The polarization controller is adjusted to assure the parallel optical injection configuration. We characterize the optical injection by its strength, given by the value of the power entering into the VCSEL, , and by its wavelength, . is obtained by multiplying the power measured at the PM by 49. When the optical injection is applied, a new peak appears at in the optical spectrum. The magnitude of that peak increases as increases whereas the peaks appearing at and , corresponding to the fundamental and higher order transverse mode, respectively, remain unchanged. This fact indicates that the peak appearing at is due to the tunable laser light that is reflected at the VCSEL cavity. The situation changes for larger values of that are slightly below the value in which injection locking occurs. This is shown in Fig. 3(b) where the optical spectrum is plotted when mW and nm, corresponding to an initial wavelength detuning of 0.09 nm ( nm) with respect to the fundamental mode. Two light sources contribute to the peak appearing at : the tunable laser light that is reflected at the VCSEL and the fundamental mode of the VCSEL. This mode is contributing because the peak appearing at has clearly decreased its level with respect to the free-running case [please compare Fig. 3(a) and (b) ]. Injection locking is obtained for a slightly larger value of as shown in Fig. 3(c) , where both peaks, located at and , disappear and the measured optical spectrum exhibits a single peak at the optical injection wavelength. Fig. 3(c) shows that the injection locking of the VCSEL's fundamental mode is accompanied by a suppression of the higher order transverse mode of more than 40 dB. For the detuning conditions considered in Fig. 3(a)-(c) both phenomena, the locking and the selection of the fundamental mode occur simultaneously within the resolution of our variable attenuator.
We have measured the injected power needed to obtain the selection of the fundamental mode as a function of the bias current applied to the VCSEL,
. The results are presented in Fig. 4 for two different values of initial wavelength detuning, . We consider that the selection of the fundamental mode is achieved if the power of the higher order mode becomes smaller than the 5% of the total power without injection. The injected power, given in dBs, corresponds to the ratio between and the solitary VCSEL power.
For the two cases of detuning considered, and nm, the selection of the fundamental mode is attained for values of injected power higher than those represented respectively by the squares and circles included in Fig. 4 . This indicates, in agreement with the theoretical results reported in [40] that for small values of current the selection of the fundamental mode by optical injection is possible. Also, as predicted in [40] , the minimum injected power needed to select the fundamental transverse mode increases as the VCSEL injection current increases. However, [40] also predicts that if is then further increased the VCSEL again would emit in two transverse modes. Our experimental results do not confirm this theoretical prediction. We believe that this is due to the high levels of optically injected power predicted to obtain again emission in two modes. These levels of input power could not be obtained in our experiments due to equipment limitation (in our setup the maximum available was around 4 mW). In [25] , it is experimentally reported that in the case of two parallel-polarized transverse modes, the VCSEL single-mode operation cannot be obtained via optical injection. These observations are quite different from our results and those of [26] . A possible reason behind such discrepancies could be the different injection rates in the -transverse mode, ( for fundamental and higher order transverse mode, respectively) achieved in both experiments. We have theoretically shown in [40] that when the selection of the fundamental mode can be achieved by selecting a small enough VCSEL bias current. That is the situation that we have found in our experiment. However, [38] and [40] also show that when the injection rate in the higher order transverse mode is larger than that of the fundamental mode ( ) there are no values of injected power nor VCSEL bias current in which the fundamental mode is selected. This situation can be obtained if the injected beam has a larger spatial overlap with the higher order transverse mode and could be the reason behind the results of [25] . Fig. 4 also shows that the value of required to obtain the selection of the fundamental mode decreases as the detuning, , is increased from 0 to 0.05 nm. In principle, this result is in agreement with [40] since the modal selection is favoured as the wavelength of the injected light becomes longer than the wavelength of the mode to be selected [40] . However, a more detailed analysis of this dependence over a wider range of detuning, , would be desirable to fully check the agreement. This analysis is performed in the following section.
IV. BISTABLE BEHAVIOR OF THE TRANSVERSE MODE SELECTION
In this section, we measure the injected power required to obtain the fundamental mode selection as a function of the detuning, , for a fixed value of the VCSEL current. Two sets of results are presented in Fig. 5 . The first set, shown with a dotted line, corresponds to the case of increasing the injected optical power, , from 0 until the maximum level is reached ( mW). Subsequently is decreased from that maximum until the zero level is reached again. Results corresponding to the selection when decreasing are plotted with a solid line in Fig. 5 . We can observe that for nm, the required to achieve selection decreases as increases. If the detuning is further increased above that value the power required for selection increases again. The existence of a wavelength ( ) for which the power required for the fundamental mode selection is minimum can be explained by the fact that the selection is associated with injection locking. As the wavelength of the injected signal is moved towards longer values of detuning with respect to the resonant wavelength of the VCSEL, the locking, and, hence, the selection of the fundamental mode will require an increasing amount of injection power. The comparison between the dotted and the solid lines in Fig. 5 also shows that the process of transverse mode selection exhibits a bistable behaviour. A similar kind of bistability was obtained by Koyama [5] although in that case, in contrast to the results reported in this work, the optical injection was performed in the vicinity of the higher order transverse mode in order to select that mode. Fig. 5 also shows the existence of three distinct regions in the plane of injected power versus initial wavelength detuning: regions of stable locking, unstable locking, and no locking. In the unstable locking region, for a fixed value of detuning, the VCSEL will only be locked to the externally injected signal if the injected power, is decreased from values inside the stable locking region. The bistable behaviour is much clearer when since the width of the hysteresis region increases significantly. Very wide hysteresis cycles can be obtained for larger values of wavelength detuning. Fig. 6 shows the width of the measured hysteresis cycles, , as a function of the detuning. When a linear increase of the hysteresis width with the wavelength detuning is observed. However, when , no bistable region is observed and hysteresis width vanishes.
V. SELECTION OF THE HIGHER ORDER TRANSVERSE MODE
In this section, we extend our study to the selection mechanism of the higher order transverse mode, i.e., when the optical injection wavelength is close to that of the higher order transverse mode. We now consider a wavelength detuning, , with respect to the higher order transverse mode,
. Our results follow similar trends to those described in the previous sections. The selection of the higher order transverse mode is achieved when is near . We have checked that the selection is accompanied by locking of the higher order mode to the optically injected signal for the same conditions of Fig. 3 ( mA, and large enough positive detuning, nm). The qualitative evolution of the optical spectrum as is increased is very similar to that shown in Fig. 3 . We also find that the injection locking and the higher order transverse mode selection occur simultaneously. Fig. 7 shows the injected power required to obtain the higher order mode selection as a function of . A comparison with Fig. 5 shows that the selection of the higher order mode is obtained for larger values of the injected power. Similarly to Fig. 5 , results corresponding to increasing and decreasing are shown. The qualitative trends associated with the selection of the higher order mode are similar to those of the fundamental mode.
The injected power required for modal selection exhibits a minimum with respect to the injection wavelength at a value that is slightly longer than . The minimum appears at a wavelength detuning nm, very near to that found in Fig. 5 . Fig. 7 also shows that the selection process exhibits a bistable behavior when increases beyond 0.05 nm. The width of the bistable region increases with the wavelength of the optically injected signal. This is more clearly shown in Fig. 8 where the hysteresis width has been plotted as a function of . Also, a linear increase of the hysteresis width with the wavelegth detuning is observed when nm. The comparison between Figs. 6 and 8 also shows that the hysteresis width is larger when considering the fundamental mode selection.
VI. SUMMARY AND CONCLUSIONS
In this contribution, we have experimentally studied, for the first time to our knowledge, the selection of the fundamental transverse mode of a 1550-nm VCSEL induced by parallel optical injection. We have demonstrated that this selection is obtained for the VCSEL used in our experiments which is characterized by a free-running emission in two transverse modes both with parallel polarizations. In general, the modal selection can be achieved in most classes of multimode VCSELs providing that the VCSEL bias current is small enough. However, the selection process does not only depend on the class of VCSEL but also on the injection conditions, for instance on the spatial overlap between the injected beam and the transverse modes profiles. In fact, it has been shown theoretically in [38] and [40] that the selection is not possible when the fundamental mode has a lower injection rate than that of the higher order transverse mode, a situation that could be found for a larger spatial overlap between the injected beam and the higher order transverse mode profile. For large enough positive wavelength detuning, the selection of the fundamental mode is accompanied by locking of that mode to the optically injected signal. Future work will be devoted to the simultaneous measurement of the selection and locking processes for different wavelength detunings and VCSEL bias currents. In this way, the parameter regions in which selection and locking coincide will be determined. Preliminary theoretical results using the model of [40] show that for wavelength detunings and bias current similar to those considered in Fig. 3 the selection and injection locking occur simultaneously [41] . We have measured the injected power needed to select the fundamental mode as a function of the VCSEL current. In agreement with previous theoretical results [40] , we have experimentally demonstrated that the selection of the fundamental mode by optical injection is possible for small enough values of bias current. We have also shown, again in agreement with the predictions of [40] , that the injected power needed for modal selection grows monotonically as the VCSEL current is increased. However, some of the theoretical predictions contained in that work, namely i) once the injected mode has been selected an increase of the injected power leads again to multimode operation, and ii) the selection of the mode is no longer possible if the current surpasses a certain value, could not be fully confirmed because they would require larger values of injection power than were available in our experimental setup. The injected power needed for fundamental mode selection shows a minimum when measured as a function of the optical injection wavelength. The value of the wavelength, , at which the minimum occurs, is 0.045 nm longer than the wavelength of the free-running fundamental mode of the VCSEL. The modal selection process induced by optical injection exhibits a bistable behaviour. Wide hysteresis cycles are attained when the wavelength of the optically injected signal is longer than and the width of the bistable region grows linearly as the wavelength of the injected signal is increased. Selection of the higher order transverse mode is also achieved by using an optical injection of wavelength close to that of the higher order transverse mode. The selection process shows similar trends to those observed in the fundamental mode selection.
